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Abstract The formation of an extracellular matrix sur-
face network (ECMSN), and associated changes in the
distribution of arabinogalactan-protein and pectin epitopes,
have been studied during somatic embryogenesis (SE) and
callogenesis of Trifolium nigrescens Viv. Scanning elec-
tron microscopy observations revealed the occurrence of an
ECMSN on the surface of cotyledonary-staged somatic
embryos as well as on the peripheral, non-regenerating
callus cells. The occurrence of six AGP (JIM4, JIMS,
JIM13, JIM16, LM2, MAC207) and four pectin (JIMS,
JIM7, LMS5, LM6) epitopes was analysed during early
stages of SE, in cotyledonary-staged somatic embryos and
in non-embryogenic callus using monoclonal antibodies.
The JIM5 low methyl-esterified homogalacturonan (HG)
epitope localized to ECMSN on the callus surface but none
of the epitopes studied were found to localize to ECMSN
over mature somatic embryos. The LM2 AGP epitope was
detected during the development of somatic embryos and
was also observed in the cell walls of meristematic cells
from which SE was initiated. The pectic epitopes JIMS,
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JIM7, LMS and LM6 were temporally regulated during SE.
The LM6 arabinan epitope, carried by side chains of
rhamnogalacturonan-I (RG-I), was detected predominantly
in cells of embryogenic swellings, whilst the LM5 galactan
epitope of RG-I was uniformly distributed throughout the
ground tissue of cotyledonary-staged embryoids but not
detected at the early stages of SE. Differences in the dis-
tribution patterns of low and high methyl-esterified HG
were detected: low ester HG (JIM5 epitope) was most
abundant during the early steps of embryo formation and
highly methyl-esterified form of HG (JIM7 epitope)
became prevalent during embryoid maturation.
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Abbreviations

2iP N®-[2-isopentenyl]-adenine

AGP Arabinogalactan-protein

BSA Bovine serum albumin

EsSE Early-staged somatic embryos

CsSE Cotyledonary stage somatic embryos

CsZE Cotyledonary stage zygotic embryos

ECMSN  Extracellular matrix surface network

EGTA Ethylene glycol-bis(B-aminoethyl ether)-
N,N,N'N'-tetraacetic acid

FITC Fluorescein isothiocyanate

HG Homogalacturonan

NAA 1-Naphtaleneacetic acid

PAS Periodic acid-Schiff’s reagent

PBS Phosphate-buffered saline

PIPES Piperazine-N,N-bis(2-ethanesulfonic acid)
RG-I Rhamnogalacturonan-I

SE Somatic embryogenesis
SEM Scanning electron microscopy
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Introduction

Plant cell walls together with the cytoskeleton determine
polarity and control plant morphogenesis (Baluska et al.
2003). Changes in cell wall composition play crucial roles
during plant growth and development, pathogen interac-
tions as well as in responses to environmental signals.
Precise cell divisions and cell expansion during somatic
embryogenesis (SE) are influenced by cell wall compo-
nents and properties. Remodeling of cell walls during plant
development requires deposition, modification and degra-
dation of the existing set of macromolecules but also
continued synthesis and deposition of new polymers (for
review see Cosgrove 2005; Seifert and Blaukopf 2010).

Arabinogalactan-proteins (AGPs) are plant cell surface
macromolecules belonging to the subfamily of hydroxy-
proline-rich glycoproteins. They can act as signalling
molecules and are involved in vegetative, reproductive
and cellular growth and development (for review see
Seifert and Roberts 2007; Ellis et al. 2010). AGPs are
associated with plasma membranes, cell walls and
secretions (Showalter 2001). Studies with B-glucosyl
Yariv reagent, which can precipitate AGPs, have indi-
cated their involvement in cell proliferation in cell sus-
pension cultures of Rosa sp. (Serpe and Nothnagel 1994)
in cell elongation in carrot cell suspension cultures
(Willats and Knox 1996) and in programmed cell death
in cell cultures of Arabidopsis (Gao and Showalter 1999).
It has been also demonstrated that AGPs can regulate SE.
Application of different fractions of exogenous AGPs can
either promote or inhibit somatic embryo formation in
carrot callus culture (Kreuger and van Holst, 1995;
Toonen et al. 1997). Studies with AGP antibodies have
demonstrated that the expression of some AGP epitopes
(JIM4, JIM13, JIM16 and LM2) are developmentally
regulated during SE in Daucus (Stacey et al. 1990), Zea
(§amaj et al. 1999a) and Cichorium (Chapman et al.
2000a) and can serve as specific developmental markers
of embryogenic cells or/and somatic embryos. The exact
mechanisms underlying AGP functions are unclear.
However, roles for AGPs in cellular adhesion, signalling
and recognition during SE have been proposed (gamaj
et al. 1999a, 2000).

Pectins are major components of primary cell walls of
all lIand plants. These acidic polysaccharides are charac-
terized by structural complexity and heterogeneity (for
review see Verhertbruggen and Knox 2006; Harholt et al.
2010). Pectins contribute to the mechanical properties of
cell walls (porosity, elasticity, adhesion, binding of ions).
As multifunctional macromolecules pectins are involved
in plant growth, development and morphogenesis (Jarvis
et al. 2003) and can also serve as a source of
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oligosaccharide fragments which act as signalling mole-
cules for development and defense (Dumville and Fry
2000). The use of monoclonal antibodies has shown that
the distribution of different pectic epitopes in cell walls is
developmentally regulated and can also be tissue, organ
and species specific (Bush and McCann 1999; Willats
et al. 1999; McCartney et al. 2000). In the embryogenic
cultures of carrot (Kikuchi et al. 1995) and Medicago
arborea (Endress et al. 2009) differences were evident in
the pectic polysaccharide content between embryogenic
and non-embryogenic callus cells. Data relating to the
distribution of specific pectic epitopes during SE are
scarce and indicate differences in the methyl-esterification
of homogalacturonan (HG) during the early stages of SE
(Verdeil et al. 2001; §amaj et al. 20006).

Induction of morphogenesis in several plant species
cultured in vitro has been reported to be accompanied by
the presence of a continuous fibrillar layer on the outer cell
surface. This structure called an extracellular matrix sur-
face network (ECMSN) was observed during SE in mon-
ocotyledons (maize, Samaj et al. 1995; peach palm,
Steinmacher et al. 2012), dicotyledons (coffee, Sondahl
et al. 1979; Cichorium hybrid, Dubois et al. 1990) as well
as in gymnosperms (black pine, Jasik et al. 1995). The
ECMSN has been specifically related to induction and
early stages of SE (Samaj et al. 1995; Rumyantseva et al.
2003; Bobak et al. 2004). This structure was also reported
on the root surface of maize (Samaj et al. 1999b) during
androgenesis in wheat anther cultures (Konieczny et al.
2005) and in organogenesis induced in kiwifriut endo-
sperm-derived callus (Popielarska-Konieczna et al. 2008).
Analysis of the chemical composition of the ECMSN with
the use of different solvents and enzymes revealed differ-
ences between species and identified both proteins (Dubois
et al. 1992) and lipophilic substances (Konieczny et al.
2005) as components. Other authors using specific anti-
bodies identified AGP and pectin epitopes in the ECMSN:
the JIM4 AGP epitope was detected in an embryogenic
culture of maize (Samaj et al. 1999a) the JIM5 pectic HG
epitope in embryogenic coconut calli (Verdeil et al. 2001).
The role of ECMSN during morphogenesis is still uncer-
tain, but cell adhesion, a protective function and co-ordi-
nating developmental stages have been proposed (Verdeil
et al. 2001).

Recently, we reported that immature zygotic embryos of
Trifolium nigrescens Viv. can produce somatic embryos on
media containing 1-naphtaleneacetic acid (NAA) and N°-
[2-isopentenyl]-adenine (2iP) (Konieczny et al. 2010). In
this study using immunolabeling techniques we report the
changes in the distribution of selected AGP and pectic
epitopes in relation to somatic embryo development and
ECMSN formation.
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Materials and methods
Plant material and culture conditions

Seeds of T. nigrescens Viv. ssp. nigrescens were kindly
provided by the Institute of Plant Genetics and Crop Plant
Research, Gatersleben, Germany. The procedure for donor
plant growth, explant preparation and culture conditions for
SE induction were as described previously (Konieczny
et al. 2010). Briefly, somatic embryos were induced from
3 cm in length immature zygotic embryos at the cotyle-
donary stage (CsZE) on Murashige and Skoog (1962) basal
medium supplemented with 30 g17' (w/v) sucrose,
8 g17' agar (Difco, USA), 0.5mgl™' NAA and
2.0 mg 1”! 2iP, pH 5.7. Cultures were maintained in a
growth chamber for 15 days at 25 £ 2 °C under diffuse
cool white fluorescent light (80 pmol m—2 s™') witha 16 h
photoperiod.

Scanning electron microscopy

Explants after 0, 7 and 15 days of culture were fixed in 5 %
(v/v) glutaraldehyde in 0.1 M phosphate buffer (pH 7.2) for
2 h at room temperature. After dehydration through graded
ethanol series ethanol was replaced by acetone prior to
drying in a critical-point drying system (LADD critical
point dryer). Samples were then coated with gold (Jeol
JFC-1100 E ion-sputtering system) and observed with a
scanning electron microscope (Hitachi S-4700) at 20 kV.

Conventional light and fluorescence microscopy

For microscopy observations (conventional light and fluo-
rescence) samples were collected after 7, 10 and 15 days of
culture. For conventional light microscopy material was
fixed in 5 % (v/v) glutaraldehyde in 0.1 M phosphate
buffer (pH 7.2), dehydrated in a graded series of ethanol
and embedded in Technovit 7100 (Heraeus Kulzer, Ger-
many) according to manufacturer’s instructions. Sections
(5 um thickness) were routinely stained with 0.1 % (w/v)
aquatic solution of toluidine blue or with periodic acid-
Schiff’s reagent (PAS) for starch visualization.

For immunolabeling the explants were fixed for 2 h at
room temperature in 4 % (v/v) formaldehyde in PEM
buffer (50 mM PIPES, 5 mM EGTA, 5 mM MgSO,, pH
6.9). After fixation samples were washed in phosphate-
buffered saline (PBS, pH 7.2) and dehydrated at 4 °C in an
ethanol series (30, 50, 70, 90, 96 %). Then the samples
were infiltrated in Steedman’s wax (polyethylene glycol
400 distearate and 1-hexadecanol in proportion 9:1). Sec-
tions (7 pm thickness) were collected on poly-L-lysine
coated microscope slides (VWR International, USA) and
de-waxed in 96 % ethanol, rehydrated in an ethanol series

and rinsed in PBS. Specimens were blocked in PBS con-
taining 5 % milk protein (Marvel, Premier Beverages, UK)
for 30 min. Slides were incubated in a 5-fold dilution of
primary monoclonal antibodies (Plant Probes, UK) for
1.5 h in order to detect different pectin and arabinogalactan
epitopes (Supplementary Table 1). After washes in PBS,
samples were incubated with anti-rat antibody coupled
with fluorescein isothiocyanate (FITC, Sigma-Aldrich,
USA; dilution 1:100) for 1 h in darkness. After labeling the
slides were rinsed extensively in PBS. The sections were
mounted in anti-fade medium Citifluor AF1 (Agar Scien-
tific, UK) and examined under an Olympus BX61 micro-
scope equipped with epifluorescence irradiation.

Micrographs of embryogenic swellings and globular
embryoids (early-staged somatic embryos referred here as
EsSE), cotyledonary-staged somatic embryos (CsSE) and
callus were taken using a Hamamatsu ORCA285 camera
(Hamamastu, http://www.hamamatsu.com) and Volocity
software (Perkin Elmer).

Results

Identification of ECMSN on the surface
of cotyledonary-staged somatic embryos
and parenchymatous cells of callus

Scanning electron microscopy (SEM) images revealed that
protodermal cells of CsZE of T. nigrescens were tightly
packed with a smooth surface devoid of fibrillar or granular
protrusions (Fig. 1a, b). On the 7th day of culture numer-
ous globular- and heart-stage somatic embryos were
formed directly from the explant, on the swollen hypocotyl
region of CsZE, just below the cotyledonary nodes
(Fig. 1c—e). The surface of somatic embryos during early
stages of development as well as the protodermis of cul-
tured explants were smooth and devoid any secretion
(Fig. 1d, e). SE was asynchronous and after 15 days
numerous somatic embryoids were observed at different
stages of development on the explant (Fig. 1f). CsSE
appeared as bipolar structures with two clearly visible
cotyledons and an elongated embryo axis (Fig. 1f, g). After
15 days of culture direct SE was accompanied by the
intense proliferation of callus originating from explant
hypocotyl (Fig. 1f). In contrast to the early stages of
somatic embryo development, CsSE were covered with
strands of a compact layer (Fig. 1g, h) or were almost
entirely coated with continuous ECMSN (Fig. 1i) with a
net-like appearance at its edge (Fig. 1j). The peripheral part
of the callus was composed of large, oval or oblong,
loosely attached cells of parenchymatous nature, most of
which were covered by a distinct ECMSN formed either as
a discontinuous fibrillar network and/or membrane-like
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Fig. 1 SEM micrographs of T. nigrescens CsZE after 0 (a, b), 7
(c—e) and 15 days of culture (f-1). a Hypocotyl of CsZE (explant);
b magnification of hypocotyl surface cells from a. ¢ Somatic embryos
emerging directly from hypocotyl of CsZE (arrowhead-globular,
arrows-heart-stage). d, e Early stages of somatic embryo develop-
ment: globular (d) and heart-stage (e) somatic embryo with smooth
surface; inset showing detailed view of embryo surface. f Explant
with torpedo stage and mature somatic embryos developed directly on
explant hypocotyl and callus cells (arrowhead) emerging from CsZE

coat covering a relatively large area of tissue (Fig. 1k, 1).
With continued culture this outer part of callus reminded
non-regenerative and no changes in appearance of callus-
produced ECMSN were observed.

The LM2 AGP epitope and LM6 RG-I epitope were
expressed in cells from which somatic embryos develop

After 7 days of culture both protodermis and the subproto-
dermal regions of CsZE hypocotyls became more meriste-
matic in appearance followed by production of numerous
embryogenic swellings which protruded over the explant
surfaces (Fig. 2a). During this period of culture the cells of
the inner cortex of CsZE enlarged markedly when compared
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axis. g—j Cotyledonary stage embryoids coated partly (g) or almost
entirely (i) with continuous ECMSN (arrowhead in g, i); h detailed
view of protodermis and ECMSN from g; j magnification from i. k, 1
Peripheral, non-regenerating callus cells. k Fibrillar net-like material
on the callus and between the cells (arrowhead) and continuous
ECMSN covering callus cells (arrow); 1 surface view of heteroge-
neous layer from k. Bar = 200 pum (c, f); 100 pm (a, g, i, k); 50 pm
(e); 30 pm (b, d, j); 10 pm (h, 1)

to the control ones (data not shown) and their nuclei became
faintly stained or even invisible after toluidine blue staining.
SE was asynchronous and after 10 days of culture embryo-
genic swellings and globular embryoids (Fig. 2b) could be
observed concomitantly on the same explant. Cell walls of
embryogenic swellings were not labeled by most of anti-
AGP antibodies tested: JIM4, JIMS8, JIM13, JIM16 and
MAC207 (data not shown) although JIMS8 and JIM13 epi-
topes were detected in the outer cells of explant. However,
strong fluorescence due to LM2 binding was identified in cell
walls of meristematic cells at the explant periphery and in
cells of embryogenic swellings (Fig. 2c).

Pectic epitopes were visible in the explant and EsSE cell
walls. The low methyl-esterified HG epitope (JIM5) was
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Fig. 2 Indirect immunofluorescence detection of AGP and pectin
epitopes in EsSE and CsSE of T. nigrescens. a Sections of
embryogenic protuberance on the explant after 7 days of culture
stained with toluidine blue. Explants after 10 (b—g) and 15 (h-k) days
of culture. b Section stained with PAS reaction showing globular
embryoids. ¢ Section showing LM2 epitope occurrence (arrowhead)
in the cell walls of embryogenic swellings. d Section showing JIMS
weak binding to the cells of EsSE (arrowhead); JIMS epitope
expression in the explant tissues mainly restricted to the cells lining
extracellular spaces (inset, arrowhead). e Weak fluorescence signal in

especially abundant in the cell walls of the tricellular
junctions in the explant cortex, whilst cell walls of
embryogenic swellings showed a moderate fluorescence
signal (Fig. 2d). The high methyl-esterified HG epitope
(JIM7) was detected in cell walls of almost all cells of the
explant as well as in the cells of emerging embryos, but
detection within embryogenic protrusions was much
weaker compared to the other cells of explant (Fig. 2e).
The LM5 galactan epitope, carried by side chains of RG-I,
was expressed by some cells of the inner cortex of the
explant and was not found in the somatic embryos during
early stages of development (Fig. 2f). The expression of
the LM6 arabinan epitope of side chains of RG-I was
present in the cells of embryogenic swellings as well as in
the protodermis and subprotodermal region of the explant,

the embryogenic swelling due to JIM7 (arrowhead). f LMS5 binding
not detected in embryogenic protrusion. g Strong signal of LM6
binding to some cells of embryogenic swelling (arrowhead). h PAS
reaction-stained section showing anatomy of the embryo. i Section
showing only weak binding of JIMS to cortex of CsSE (arrowheads).
Jj Moderate fluorescence signal of JIM7 binding to cortex and
protodermis (arrowhead). k Section showing strong signal due to
LMS5 epitope in cortex but no signal in the protodermal cells;
magnification of cotyledon (insefr). Bar = 100 pm

but detected in only some cells of the inner cortex of the
CsZE hypocotyl (Fig. 2g).

No AGP epitopes were detected in cotyledonary-staged
somatic embryos, whilst pectic HG and RG-I epitopes
were expressed in a tissue dependent manner

Histological observation revealed that CsSE had distinct
root and shoot meristems and two cotyledons (Fig. 2h).
The cells of CsSE were not labeled by any of the anti-
AGPs antibodies (data not shown). Out of four anti-pectin
antibodies used here, three (JIMS, JIM7, LM5) bound to
the cell walls of CsSE (Fig. 2i-k). Weak detection of the
JIMS5 epitope was observed in the cells of cotyledons,
hypocotyl and root pole (Fig. 2i). Significantly, the JIM5
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epitope was not found in the cell walls of protodermis. The
whole somatic embryo, including protodermal cells,
showed moderate immunofluorescence due to JIM7 bind-
ing (Fig. 2j). The LMS5 galactan epitope was strongly
detected in cells of the cortex, but the protodermis
remained unlabeled by this probe (Fig. 2k). The LM6 ar-
abainan epitope was not detected in cell walls of CsSE.
Notably, none of the anti-AGP and anti-pectin antibodies
tested bound to the surface of mature somatic embryos
(data not shown).

Abundant expression of the JIMS5 HG epitope overlaps
with ECMSN on parenchyma cells of callus

After 15 days of culture, callus was composed of loosely
attached parenchymatous, non-regenerative cells in the
outer parts of tissue and much smaller, compact cells in its
inner region. Positive staining with the PAS reaction
revealed starch grains in most callus cells and also poly-
saccharide-containing secretions between loosely attached
peripheral cells of tissue (Fig. 3a). The AGP epitopes JIM4
and JIM16 were not found in the callus (data not shown).
The AGP epitopes JIM8, JIM13 and LM2 were detected in
the parenchymatic peripheral cells but not in the inner
region of the callus (Fig. 3b—d). Conversely, both outer and
inner cells of callus showed a weak fluorescence signal due
to MAC207 (Fig. 3e).

Immunolocalization of the JIM5 HG epitope was
observed in the intercellular spaces between peripheral
callus cells (Fig. 3f) coinciding with ECMSN visible in the
SEM micrographs. JIM5 and JIM7 epitopes were localized
in cell walls of callus cells: a low level of the JIM7 epitope
was present in both outer parenchyma and more meriste-
matic inner regions of tissue whilst the JIMS epitope was
abundant in cell walls of detaching parenchyma and only
weak fluorescence due to JIMS binding was observed in the
cells localized in the central part of callus (Fig. 3g, h). All
callus cells were moderately marked by the LMS5 antibody
(Fig. 3i) but the LM6 arabinan epitope was only weakly
detected in occasional surface callus cells (Fig. 3j).

Discussion
Structure of the ECMSN

When maintained on medium containing NAA and 2iP,
CsZE of T. nigrescens produced somatic embryos followed
by induction of callus from the hypocotyl of explants. SEM
observations indicated that both SE and callogenesis were
accompanied by the occurrence of a conspicuous ECMSN
as a continuous layer or fibrillar network covering the
neighboring cells of mature embryoids or calli. Similar
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extracellular structures have been considered as a structural
marker of embryogenic development in vitro in several
monocots and dicots (gamaj et al. 2006). In T. nigrescens
ECMSN of similar appearance to that found on somatic
embryos was also observed on large, external, non-regen-
erative cells of callus. This observation is consistent with
previous studies on wheat (Pilarska et al. 2007) and banana
(Xu et al. 2011) and confirm that in certain species and/or
under specific in vitro conditions the ability to produce
ECMSN is not a unique feature of cells capable of
regeneration.

Formation of an ECMSN was shown to be develop-
mentally regulated and restricted to early stages of SE (e.g.
gamaj et al. 1995, 1999a; Blehova et al. 2010; Lai et al.
2011). In contrast to above-mentioned reports, the ECMSN
of T. nigrescens occurred during late stages of embryo
regeneration only, i.e. on cotyledonary-staged embryoids,
but was never observed either on SE-competent cells of
explants or on embryoids at globular, heart or torpedo
stages. §amaj et al. (1995) and Bobak et al. (2003/4)
suggested that the formation of an ECMSN can be a stress
response of the explants imposed by specific in vitro con-
ditions. Previously, we found that the incidence of both
morphological abnormalities and genetic instability in SE
of T. nigrescens increased with time of culture (Konieczny
et al. 2012). It may not be ruled out, that occurrence of
ECMSN at relatively late stages of culture (around 15 days
after explantation), could be a result of prolonged exposure
to unfavorable culture conditions. On the other hand, the
ability to produce an ECMSN in 7. nigrescens seems to be
a specific feature of tissues induced in vitro: throughout the
culture no extracellular secretion was observed on the
surface of original explants, that is, cotyledonary-staged
zygotic embryos.

In order to gain insight into the chemical composition of
the ECMSN in T. nigrescens we used immumnocyto-
chemistry with cell wall directed probes. No AGP or pectin
epitopes were detected on the external cell walls of surface
cells of somatic embryos. However, strong detection of the
JIMS5 HG epitope was observed in the cell walls and within
intercellular spaces of outer parenchyma of non-regenera-
tive callus. The abundance of polysaccharides between
peripheral cells of T. nigrescens callus was also confirmed
by positive PAS reaction. Pectin polymers have been
already identified in the ECMSN of embryogenic cultures
of carrot (Iwai et al. 1999), chicory (Chapman et al.
2000b), coconut (Verdeil et al. 2001), and banana (Xu et al.
2011). In addition, conspicuous differences in pectic
composition of the ECMSN coating embryogenic/organo-
genic and non-regenerative callus domains were reported
(Iwai et al. 1999; Konieczny et al. 2007; Pilarska et al.
2007; Xu et al. 2011). The results obtained in our study
also indicate a tissue-specific composition of the ECMSN:
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Fig. 3 Indirect immunofluorescence detection of AGP and pectin
epitopes in non-regenerative callus tissue of 7. nigrescens after
15 days of culture. a Section stained with PAS reaction showing
general view: loosely attached, large parenchymatic cells in the outer
part of tissue and PAS positive secretions between callus cells
(arrowhead). Immunofluorescence (arrow) of loosely attached callus
cells due to JIM8 (b) JIM13 (¢) and LM2 (d). e Weak fluorescence

JIMS5-reactive HG was detected in the ECMSN over callus
surface but not on the surface of somatic embryos. In tis-
sues cultured in vitro, Popielarska-Konieczna et al. (2008)
and Xu et al. (2011) localized the JIM5 epitope to the
ECMSN coating non-dividing and relatively large paren-
chyma cells of callus. Noticeably, the cells of T. nigrescens
that carried the JIMS epitope were loosely attached which
suggests a relationship between location of low methyl-
esterified HG and cell separation in cultured callus. Indeed,
abundant accumulation of low ester HG has been consid-
ered as a common mechanism of withstanding stress that
tends to tear cells from neighbours (Jarvis et al. 2003).
§amaj et al. (1999a, 2006) reported expression of the AGP
epitope JIM4 together with the pectic epitope JIM7 in the
mucilage layer on the surface of Zea mays embryogenic
callus. The AGPs recognized by the LM2, JIM13 and
JIM16 antibodies as well as JIM5- and JIM7-reactive
pectins were found in the ECMSN coating globular
proembryos of Cichorium (Chapman et al. 2000a). In T.
nigescens only the JIMS epitope localized to extracellular
secretions, whilst the expression of other identified epi-
topes (JIM7, LM5, LM6, MAC207, LM2, JIMS, JIM13)

signal of MAC207 binding to detaching (arrow) and inner callus
cells. f, g Sections showing JIMS5 binding to the outer and inner callus
cells (arrows in £, @) and between the cells (arrowhead in f). h Weak
immunofluorescence of callus cells due to JIM7 (arrow). LMS5S
binding to both, inner and detaching callus cells (i). j LM6 epitope
immunolocalized in some outer callus cells (arrow). Bar = 100 um

was restricted exclusively to the cell walls of callus cells.
This would allow us to suggest that low methyl-esterified
HG recognized by the JIM5 antibody might be the main
component of strands, fibrils or continuous coat of the
ECMSN over callus surface. Although a possible
involvement of other pectic substances (recognized by
JIM7, LMS5, LM6) and some AGPs (recognized by
MAC207, LM2, JIM8, JIM13) in the formation of ECMSN
in T. nigescens callus should not be excluded.

Localization of pectin and AGP epitopes in somatic
embryos and callus tissue

In T. nigrescens the LM2 epitope was the only AGP epi-
tope detected during the development of somatic embryos.
Strong detection of the LM2 epitope was observed in the
meristematic cells from which somatic embryos were
produced, but no signal was detected in mature embryoids.
Previously, Pan et al. (2011) reported in banana a diversity
of immunolabeled AGPs that decreased with somatic
embryo maturation. Saare-Surminski et al. (2000) sug-
gested a crucial role of AGPs bearing the LM2 epitope for
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induction of early embryogenic stages in Euphorbia pul-
cherimma. In T. nigrescens, LM2 binding was observed not
only in cell walls of meristematic cells but also loosely
attached and non-dividing cells of callus parenchyma. This
may indicate the dual role for LM2-reactive AGPs in the
tissues studied: associated with induction of SE and, in case
of callus, related to cell maturation/separation. Indeed, the
epitope recognized by a single antibody may occur on
different AGPs with different protein backbones and
functions (Schultz et al. 2000).

Use of antibodies raised against arabinan (LM6) and
galactan (LMS5) side chains of RG-I revealed that these
polymers were temporally regulated during the develop-
ment of somatic embryos of T. nigrescens. Our observa-
tions are consistent with previous studies on the sequential
appearance of galactose-rich domains of RG-I in differ-
entiating cells and maturating somatic embryos (Willats
et al. 1999; McCartney et al. 2003; Xu et al. 2011), a
phenomenon which may lead to cell wall stiffening
(McCartney et al. 2000). Conversely, actively proliferating
cells of callus or embryogenic clumps have been shown to
contain large amounts of arabinose side chains of RG-I and
only poor amount of LM6-reactive pectins (Kikuchi et al.
1995; Willats et al. 1999; Majewska-Sawka and Miinster
2003; Xu et al. 2011) and our results seem to confirm this.
Aside from differences in the expression of RG-I eptitopes,
our experiments revealed differences in the distribution
pattern of low and high methyl-esterified HG during
somatic embryo development. Similarly to the studies on
citrus (Ramirez et al. 2003) and banana (Xu et al. 2011) the
JIMS5 epitope was the most abundant form of HG at early
stages of embryo formation, but decreased with embryoid
maturation as the highly methyl-esterified form became
prevalent. However, whilst the JIM7 epitope was evenly
distributed throughout the embryo body, the signal result-
ing from JIMS binding was not detected in the protodermis
of CsSE. This observation contrasts with reports of Barany
et al. (2010) and Dobrowolska et al. (2012) where the
JIM7, but not the JIMS epitope was absent from the pro-
todermis of mature embryos. These discrepancies in the
respective results are difficult to explain. Nevertheless, as
was shown by Dobrowolska et al. (2012), specific culture
conditions may have a strong impact on pectin composition
and distribution in developing somatic embryos.
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